Zinc is an indispensable trace element and is a constituent of more than 200 enzymes. It can assure the stability of biological molecules such as DNA, or biological structures such as membranes or ribosomes. It is not surprising, therefore, that, compared with zinc toxicity, zinc deficiency is a much more frequent risk. Few acute toxic effects have been ascribed to zinc and no long-term effects were found after single or prolonged exposure at doses below 1 glkg of food. Zinc is neither mutagenic nor carcinogenic, although its levels may influence tumor growth. Zinc appears not to be teratogenic but, on the contrary, deleterious action on zinc deficiency on the developing organisms is well documented.
INTRODUCTION
ETALS DISPLAY TO MAN, in general, two opposite faces, one benevolent and one menacing: M on the one side, metals are indispensable in an industrial society and, as trace elements, many of them are vital for the functioning of the human cell; on the other side, nearly all metals are, to a certain extent, toxic. Zinc is an exception in that zinc deficiency is of much greater concern than the rare circumstances where excess exposure to zinc can be harmful.
Zinc is quite a newcomer to human technologies compared with copper, tin, iron, and lead')):
it was first used in casting brass in Ancient Rome, but became known as a separate metal only during the 13th century in India, and its name was coined by Paracelsus (1490-1541), who was probably the first to use zinc for medicinal purposes. Toxic symptoms'after exposure to metals were recognized very early on, and some metals figured prominently in the arsenal of ancient or Renaissance poisons. However, many late consequences and, in particular, mutagenic, carcinogenic, and teratogenic effects of metals have been recognized only recently. Moreover, a lack of understanding of the mechanisms of metal toxicity seriously hampered the efficient management of metal toxicity until scientists such as Furst,(*J) Nordberg and Sunderman,(5,6) seconded by others, too numerous to mention, brought to the field of metal toxicology the needed additional expertise in biochemistry, molecular biology, and genetics.
Zinc is an indispensable trace element and is a constituent of more than 200 enzymes, among which are DNA and RNA polymerases and reverse transcriptase (see Ref. 7) . Moreover, zinc Universitk Catholique de Louvain, Teratogenicity and Mutagenicity Unit, Brussels, and Centre d'Etude de I'Energie Nucleaire. Radiobiology Department, Mol, Belgium can assure the stability of biological molecules such as DNA or biological structures such as membranes or ribosomes, although this role in the living cell is not yet fully understood. It is not surprising, therefore, that, compared with zinc toxicity, zinc deficiency is a much more frequent, although often insidious, risk and can manifest in many symptoms, most of which fall into the category of inhibition of growth and cell division thereby including effects on reproduction, sexual maturation, immune activity,@) etc. Zinc can also protect against the toxic action of some other metals, in particular cadmium, either by competing directly at the level of the biological target or by binding to metallothioneins. The consequences of zinc deficiency are not only found in humans and farm animals; zinc deficiency of plants is a problem encountered in agriculture, for example, in the widespread nutritional disorder of wetland rice in Asia.
Few acute toxic effects have been ascribed to zinc: "metal fume fever" seen in some workers after inhalation of zinc oxide fumes is not specific to zinc and is temporary and benign. Surprisingly, workers become accustomed to such exposure and can rapidly lose this tolerance ("Monday morning fever"). Acute irritations due to the acidity of zinc chloride can also occur as a result of exposure to smoke bombs. No long-term toxic effects were found after single or prolonged exposure to zinc at doses below 1 g/kg of food, but some animal species, for example horses, may be more sensitive. There can also be some interference of very high nutritional intake of zinc with intestinal absorption of calcium, copper, or other trace elements. Such actions, seen under extreme experimental conditions, are probably irrelevant for the human situation. A provisional maximum daily intake of 0.3-1 mg zinc/kg body weight has been proposed by the WHO,@) whereas recommended daily dietary allowances are 10 mg/day for children and 15 mg/day for adults. Most plants tolerate zinc levels in soil up to about 300 mg/kg, but certain aquatic organisms, more sensitive to zinc, may be affected at levels of about 1 mg/L of zinc. Permitted levels for zinc in soil in the Federal Republic of Germany are 300 mg/kg{lo) whereas guidelines by the Commission of the European Communities for drinking water specify a maximum level of 5 mg/L,(II) and fish water for salmonides should not contain more than 0.3 mg/L of zinc.
Total manmade emissions of zinc are substantial, 8.4 million tons per year compared with 0.36 million tons per year from natural sources, (12) and concentrations near zinc smelters can reach phytotoxic levels which, in some cases, are thought to have induced toxic effects in farm animals. Most likely, toxic metals such as cadmium, arsenic, and lead which are also emitted under these conditions are responsible for these observations.
The following review' will, therefore, concentrate on possible mutagenic, carcinogenic, or teratogenic effects of zinc, but it can be stated at the onset that no indications exist that such effects could arise under conditions where human exposure is likely to occur.
MUTAGENICITY OF ZINC
Damage to DNA in the genome is generally accepted as being the first, and usually also the decisive, event that leads to cancer. DNA damage is also, of course, the cause of genetic alterations transmitted to the progeny and may cause cell death. More than 100 rapid tests to assess damage to DNA or the ability to repair such damage have been developed. For most organic carcinogens, and also for most metals,('3-15) a positive outcome of such tests is associated with the ability of a substance to cause cancer.
Carcinogenesis as a result of exposure to metals has been clearly demonstrated for some metals, such as arsenic, chromium, or nickel, in vivo and in vitro, but remains elusive for a whole list of other metals where either only a few tests were positive (carcinogenesis in experimental animals was observed only under extreme conditions), or else several possible ' No attempt has been made to cite fully the extensive literature. Instead, quotations concentrate on general reviews and are supplemented by a few recent publications. carcinogenic factors were present in a working environment with many potential carcinogens. Several hypotheses have been put forward to account for the carcinogenicity of metals,~lh~ for example, metals may bind to DNA, thereby weakening DNA structure and causing breaks, crosslinks, or the induction of a Z-DNA structure, they could also diminish the fidelity of DNA replication, damage DNA repair systems, or modify the expression of genes. Moreover, some metals or their compounds are markedly cytotoxic or irritating, the resulting necrosis allowing existing transformed cells to grow into a tumor. More than one mechanism could prevail for different metals, and an unequivocal answer as to the mechanisms involved in metal toxicity may not be possible until the riddle of malignant transformation at the level of the genome has been solved.
As shown in Table 1 , zinc does not appear to be mutagenic in the majority of the tests for DNA damage. Exceptions are zinc-containing pesticides (fungicides) which are mutagenic as a result of their organic dithiocarbamate constituent, zinc chromates because of the carcinogenic chromate ion, and mixtures of zinc salts with different mutagens (including radioactivity). Indeed, fidelity of DNA synthesis. tests for misrepair. reverse mutations in bacteria, SOS chromotests, in vitro transformation, and mammalian gene mutations give no indications of a mutagenic action of zinc. but some observations, indicating a clastogenic action of zinc, require further confirmation. The chromosome aberrations seen in workers in the zinc industry are most likely due to other mutagenic factors in the working environment of zinc-processing plants. Chromosome aberrations in plant cells were found after exposure to practically all metal salts and were performed at a time when cytogenetic techniques may not have attained the technical level they have today. The aberrations observed in the bone marrow of mice given 0.5% of zinc in the diet are probably also a result of the calcium-deficient diet given to these animals. On the other hand, it should be added that zinc deficiency can lead to chromosomal aberrations."')
CARCINOGENICITY OF ZINC
Deficiency of zinc as well as excess zinc could have an influence on carcinogenesis (for reviews see, Refs. 7 and 22-26). Since zinc promotes growth and since tumor disease can result in latent zinc deficiency, it is not surprising that growth of animal tumors was found to be stimulated by zinc application and retarded by zinc deficiency. However, several observations indicate that zinc application inhibits cancer induction due to a variety of chemical carcinogens. Testicular tumors caused by injection of cadmium are also suppressed by zinc application. The inhibition by zinc of the mutagenic action of carcinogens could be explained by the fact that zinc is a constituent of mutagen detoxifying enzymes or that it acts directly on the microsomal mono-oxygenases forming the ultimate carcin~gen.l?~l On the other hand, zinc was also found to be cocarcinogenic with 4-nitroquinoline-N-oxide~2~) on oral cancer and with N-ethyl-N-nitroso~rea~~9) on brain cancer.
It is one of the odd observations in research that zinc was the first metal for which a carcinogenic action was reported in an experiment carried out as early as 1926, albeit under very peculiar conditions, namely injection of zinc chloride directly into the testis of roosters.'?o' Such an application results in necrosis and stimulation of remaining cells which can form teratomas. Leydig cell tumors have also been found in some animal experiments under similar treatments but all these results are irrelevant for the human ~ituation.13~) Animals fed (32) or injected high doses of zinc have not developed excess tumors.
Human populations are rarely exposed to one single potential carcinogen and are subject to many confounding factors. Thus, one can find in the literature some weird and unconfirmed results reporting, for example, correlations between zinc intake and cancer incidence or between zinc in soil and cancer, all of which can be safely laid ad acta. In conclusion, it may be safely stated that zinc is neither mutagenic nor carcinogenic although zinc levels may influence tumor growth under conditions where an overt or latent zinc deficiency exists. 
TERATOGENICITY
Zinc deficiency results in a low reproductive ability with disruption of estrous cycles and even complete failure to breed (for review see Ref. 33). A high rate of malformations in all organ systems is observed in rats kept on a zinc-deficient diet (<0. 5 mg Zn/kg). Skeletal malformations are preeminent and involve calcified as well as noncalcified ti~sue.(3~) The defects are simple tissue defects without necrosis or inflammation, possibly caused by a reduction in cellular proliferation and in the activity of bone alkaline phosphatase. Withdrawal of zinc from the diet rapidly results in a deficiency so that the type of malformation depends on the period of pregnancy at which zinc has been removed from food. (35) Prenatal marginal deficiency of zinc also affects survival during infancy even under conditions where no malformations occur. Zinc deficiency acts, moreover, in a synergistic way with several teratogenic agents such as thalidomide. There are some indications, although unconfirmed, that zinc deficiency in man also increases the incidence of spina bifida and anencephaly.
Excess zinc intake seems not to be teratogenic; rather, zinc may protect against some teratogenic effects, for example, those arising from calcium ethylenediaminotetra-acetate. (36) 
